Recently, sustainable management of resources has become an increasingly recognized issue. Accordingly, interest in understanding the relationship between natural resources consumption and the global product supply chain has also been increasing. Material flow analysis (MFA) is a useful tool for understanding resource consumption and material cycles in national economies. However, detailed MFA studies of the materials embedded in foreign trade flows are rare.
Introduction
Steel is the structural material that shapes society. The production of iron far exceeds that of any other metal. The production of crude steel was 1.41 × 10 9 t 1) in 2010, inducing the mining of 2.59 × 10 9 t (1.28 × 10 9 t-Fe) 2) of iron ore. Steel production is closely related to demand for coke 3) as a reducing agent as well as nickel, chrome and other alloying elements. 4) Rising demand for steel raises concerns about the introduction of environmental problems, such as increased greenhouse gas emissions and the effects of resource mining on biodiversity. 3, 4) At the same time, better and more efficient use of resources, including recycling, is expected to contribute to reductions in natural resource consumption 5) and greenhouse gas emissions 6) throughout the supply chain. In this context, the supply and demand structure of iron and related substances has been analyzed vigorously by material flow analysis (MFA) techniques, 5, [7] [8] [9] [10] [11] [12] and the results are shedding light on the overall picture of the use of resources through the supply chain, including the flows and stocks of iron. Representative case studies include, among others, an analysis carried out by Wang et al. 7) on 68 countries and regions around the world of flows and stocks of iron and values of flows of iron through international trade and another by Pauliuk et al. 8) of the amounts of iron stocks in 200 countries. Except for a few, [9] [10] [11] [12] many of these MFA studies, including those by Wang et al. and Pauliuk et al., have not sufficiently detailed the flows of material through international trade or the international supply chain, making it extremely difficult to understand the effects of resource mining prompted by economic activities in each country and environmental emissions on other countries as the relationships among the countries is unclear. Numerous analyses have been carried out for greenhouse gas emissions generated through the supply chain induced by international trade [14] [15] [16] [17] in the context of discussing the emissions of greenhouse gases. Izard et al. 14) discussed a border tax on carbon material based on the flow of iron through international trade for the United States. In contrast, we have proposed a method to obtain a comprehensive understanding of the flows of material through trade by combining a Waste Input-Output Material Flow Analysis model (WIO-MFA) 13) and trade statistics, 18) and presented the flow of iron and aluminum through international trade, using Japan as a case example.
12) However, a sufficiently comprehensive and detailed analysis of the volume of iron embedded in global trade has yet to be carried out.
Our objective in this study was to illustrate trade relationships of various countries by applying the techniques used in prior studies in order to identify the amount of iron embedded in trade among these countries. Specifically, we identified the worldwide iron flow in global supply chain by analyzing the volume of international trade among the world's 231 countries and regions, and identified the amounts of iron embedded in trade by traded commodities or trade partners for China, Japan and the United States, which are major crude steel producers. 19) 
Analysis Method
With respect to the volume of international trade, we chose the year 2005 for our analysis as composition infor-ISIJ International, Vol. 54 (2014), No. 11 mation produced by WIO-MFA was available, and extracted import and export volumes for each commodity group in monetary or physical units for 231 countries and regions (i,j), using the BACI (Base pour l'Analyse du Commerce International). 20) For commodity groups, we extracted data on approximately 6000 commodity groups published with 6-digit classification numbers by aggregating them to 294 commodity groups (2-digit: 8 commodities; 6-digit: 286 commodities) according to the HS (Harmonized Commodity Description and Coding System) codes. A 6-digit HS classification codes, however, may contain a code that applies to a number of trade goods, and iron-containing goods may be included in them. In order to consider the ratio of iron-containing products in the trade volume of each good k obtained from the BACI, we set a cut-off value in the range from 0 to 1 for this study, and multiplied trade volume by this cut-off value in order to increase the accuracy of our estimates of flow of iron-containing goods through trade. The estimates were converted to flow of iron embedded in trade by multiplying the values by the iron content rate of each of the goods available from various sources 1, 2, 21) and WIO-MFA. 13) That is, we calculated the flow of iron between two countries (i,j) through transactions of the good k via trade as:
. To validate this estimated volume of flow, we confirmed the material balance of iron in Country j as follows: To explain the input and output of iron in a country simply, input consists of the amounts of iron mined gj in country j and the iron embedded in imports that was input in country j mj = , the amount recovered from waste through recycling wj, and the amount of iron included in the previous year inventory zj. Due, however, to difficulties collecting data, we set the value of zj to 0 in this study. For the output, the amount of iron embedded in export, which exits country j, was calculated as: ej = . The difference after subtracting output from input sj = gj + mj -ej + wj + zj can be construed as the amount of iron that remained in Country j and was input into economic activities of Country j, such as production. In principle, the value of sj should be greater than 0. The value, however, of the result of the above estimation based on limited data was negative, indicating some inconsistency in material balance. In this study, we set the material balance to be and set a constraint condition that the sum of this material balance and the flow of iron would not change from this initial estimated value. The flow of iron was calculated by adjusting using quadratic programming and minimizing the difference with as the sum of squares. We carried out the analysis in this study by using after eliminating the inconsistency in the material balance.
Results and Discussion

International Supply Chain for Iron
The result of our analysis indicated that the worldwide flow of iron through trade in 2005 was 1.15 × 10 9 t-Fe, of which iron ore accounted for 43.2% and pig iron and steel 35.5%. In terms of trade flow between countries, transactions between major iron ore producers (Brazil, Australia, India, etc.) and major crude steel producers (China, Japan, US, etc.) ranked high, with the largest 10 flows accounting for 27.2% of the entire flow of iron among 231 countries and regions, and largest 40 accounting for 43.7% (Fig. 1) . The result also indicate that the flows of iron (0.40 × 10 9 tFe) to the largest 3 crude steel producers (China, Japan and US) accounted for 35.2% of the worldwide flow through trade. These results also signify that the flow of resources was concentrated between several top-ranked countries.
Furthermore, the percentage of the BRICS (Brazil, Russia, India, China and South Africa) and the Next Eleven (N-11: South Korea, Philippines, Pakistan, Iran, Indonesia, Egypt, Turkey, Nigeria, Bangladesh, Vietnam and Mexico) in the worldwide resource flow is worthy of special mention. The BRICS excluding China accounted for 2.8% in the world's resource imports. Adding the N-11, the percentage of 15 countries was no more than 15.7%. While there is no ques- tion that resource-rich countries, such as India and Brazil, are included among these countries, these emerging countries have the potential to increase demand as pointed out by Vuuren et al. 22) as a result of an expansion of production scale through accelerated industrialization as well as increase in demand for resources with population increases and economic growth. This suggests that iron will also require resource management despite its large reserves.
International Iron Supply Chain for Japan, China
and the United States The three largest crude steel producers in 2005 were China (336 × 10 6 t), Japan (112 × 10 6 t) and the United States (94.9 × 10 6 t), collectively accounting for 48.9% of the world's crude steel production. This trend remained unchanged in 2010, with the crude steel production of the three largest producers accounting for 57.8%, driven by an increase in production in China. Figure 2 illustrates Japan's flow of iron through trade and Table 1 shows a breakdown of the flow by country and by commodity group. The flow of iron to Japan embedded in imports was 97.6 × 10 6 t-Fe, which included the import of iron ore. In contrast, the flow of iron embedded in exports was 50.8 × 10 6 t-Fe and iron was exported overseas as steel or highly-processed products, such as automobiles, in volumes equivalent to 52.1% of the imports. Flows embedded in imports from Australia and Brazil, which are iron ore producers, accounted for 72.3% of all iron imports, while exports to South Korea, China and Taiwan accounted for 57.1% of all exports, underlining the dominance of exports to Asia. By commodity group, iron import in the form of ore accounted for 86.8% of total imports due to Japan's total dependence on foreign suppliers for iron ore. 23) On the export side, highly-processed products accounted for large shares (transportation equipment: 8.5%; machinery: 8.5%; electric and electronic equipment: 6.3%) in addition to exports of ferrous waste (8.9%) and steel. With respect to ferrous waste, increased crude steel production in China drove Japan's export of 4.50 × 10 6 t-Fe of ferrous waste to that country. Considering that the supply of waste scrap is expected to increase within China in the future, Japan may need to expand its overseas markets or promote domestic recycling.
Although China produces iron ore, it is the largest iron ore importer in the world, 23) depending for 58.2% of its domestic ore consumption on the supply from overseas. Driven by the final demand within China, the percentage of iron exports (51.5 × 10 6 t-Fe) to iron imports (228 × 10 6 t-Fe) was only 22.6% ( Table 2) . By country and region, iron imports embedded in iron ore from Australia, India and Brazil accounted for 70.6% of total imports. On the export side, Asian countries, including South Korea (15.9%) and Japan (7.6%), accounted for a large share in addition to exports to the United States (15.1%). By commodity group, imports of iron ore and ferrous waste accounted for 84.7%, and major export commodities were pig iron and steel materials, machinery and electric/electronic equipment. There are possibilities that future increases in social stock of iron per capita 8) could cause Chinese steel production to shift, for example, from meeting domestic demand to exporting, and to adding value to materials and products for that end. Further development and application of our technique to timeseries analysis is expected to help identify these trends.
The United States imported 77.3 × 10 6 t-Fe and exported 41.0 × 10 6 t-Fe of iron. As domestic production fulfills 80% of its iron ore requirements, 23) the percentage of iron ore imports was only 11.4%, and imports of machinery (9.5%) and transportation equipment (8.6%) accounted for a higher proportion. By country, Canada, China and Mexico dominated both exports and imports. With respect to imports, the trade-embedded flow of iron from the top four countries, including Brazil, accounted for 55.3%. On the export side, the top three countries, including South Korea, accounted for 53.5% of the total exports ( Table 3) . The results of our analysis indicate that the United States has secured resource supply within the country as well as two-way trade connections with its major trade partners.
Conclusions
For the purpose of identifying trade relationships between countries, we analyzed the global trade flow of iron among world's 231 countries and regions in this study, and identified the international supply chain for iron worldwide. We also examined major crude steel producers China, Japan and the United States, and measured their flows of iron embedded in international trade by commodity or trading partner. The key findings are summarized below.
• Flows of iron to major crude steel producers (China, Japan and the United States) amounted to 35.2% (0.40 × 10 9 t-Fe) of the worldwide flow of iron through trade in 2005 (1.15 × 10 9 t-Fe), which indicates the concentration of resource flow. At the same time, the share of the BRICS, excluding China, in the world resource imports was 2.8%. With the addition of the N-11, the share of 15 countries was only 15.7%.
• In Japan, the percentage of iron imports embedded in ore was 86.8% of iron imports due to the country's total overseas dependence on iron ore. In addition to ferrous waste and steel, exports of transportation equipment, machinery and electric/electronic equipment accounted for a high percentage. China imports a large amount of iron ore in addition to mining its own. Iron embedded in ore account for 82% of the total iron imports. With respect to exports, pig iron/steel and electric/electronic equipment accounted for a large percentage. In the United States, iron imports embedded in machinery and transportation equipment dominated as the country produces iron ore domestically. Accurate understanding of trends in China and emerging countries will be needed for discussions of the future supply of resources and trade policies, as well as sustainable resource management. The technique used in this study, which utilizes existing statistical information, including international trade statistics, will be useful in gaining overviews before carrying out detailed, high-resolution analyses. The ability of this technique to identify the effects of highlyprocessed products, such as machinery, will also be useful.
Lastly, we conclude this paper by presenting future challenges and outlook. In this study, we processed an extensive volume of information, such as trade flows and composition information, in order to estimate the flow of iron through trading of 294 commodity groups among 231 countries and regions. Each of the data contains uncertainties. Sensitivity analysis based on the uncertainties contained in these data is one of the future challenges. Lenzen et al. 11) provide valuable information through their analysis of the use of resources through the supply chain and its effects on biodiversity. We believe that it is possible to carry out a similar analysis in more detail for various metals and materials by improving our technique, which is one of the future challenges for our research.
